PHYSICAL REVIEW A 70, 065601(2004)

Theory of a compound large-angle atom beam splitter. 1l. Initial state deflection
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The theory of a compound, large-angle atom beam spliteZh. Muradyan, A. A. Poghosyan, and P. R.
Berman, Phys. Rev. A68, 033604 (2003] is generalized to allow for initial-state deflection. Atoms are
prepared in an initial state by an off-resonant standing-wave field and then subject to two-standing-wave fields
that couple the initial state to a final state. By a proper choice of parameters, atoms in the initial state can be
deflected or split as a result of the interactions with the fields. The role of relaxation is considered.
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In Ref. [1] a theory of a compound, atom beam splitter scheme may be used as a beam reflector, rather than a beam
was developed, based on the coupling of standing waveplitter, for appropriate input fields.
fields to aA-type three-level atongsee Fig. 1. Atoms are Assuming the same time envelope for both laser pulses,
prepared initially in state 1 and are subjected to an intense}p(z,t):Qp(z)secmt/T), Q4(z,1)=Q(2)seclit/T), one can
off-resonant standing-wave field acting on the 1-2 transitionghow that, provided the initial-state amplitudes &@&(z,
prefer_ably in the Raman-Nath regime. This preliminary in'—cc);tl,cg(z,—oo):O), the lower-state probability ampli-
teraction creates W|del_y spregd momentum states in Statetaldes following the interaction are given by
(see Fig. 2 Following this interaction, a pair of
7l 2-phase-shifted standing-wave fields act on the coupled 1-
2 and 2-3 transitions. As a result, the outlying momentum
states are transferred to internal state 3, while the intermedi-
ate ones are left in internal state 1. In this manner, one gen- = (B = 1)<i -
erates a large-angle beam splitter, provided one can isglate Cs(2 +%) = (B~ Dsin §cos6C,(z,~ <), (1b)
the atoms exiting the interaction zone in state 3. For the fielqllvhere
parameters chosen in RéL], it was not possible to produce
a beam splitter on the initially populated internal state. ) S

Our beam splitter differs’ somewhat from conventional sin 6= Q,(2)/VQ(2) +Q4(2),
beam splitters in that the atoms emerge in a coherent super-

osition of two internal states, but the desired final-state mo- >
Ironentum components are associated with only one of the in- cos6= (2NN + QL) (2)
ternal states. This is in contrast to beam splitteravolving
atoms in asi_n_gleinternal state \_/vhos_e momentum distribu- F(% + 7+i5)T(% + y+i6)
tion is modified by an atom-field interaction or passage B=—7 : = _ ,
through a material gratinf2,3] andii) involving atoms for I(3+y+io-a@)(5+y+io+a(2)
which an atom-field interaction leads to different momentum
components associated with each of two different internal (x) is the gamma function,
states of the atomigl]. In Ref.[1], it is possible to maintain
the coherence of atoms in state 3 while eliminating the con- a(2) = V’QFZ)(Z) +Q§(Z)T (4)
tribution to the wave function from atoms in state 1. This
could be achieved, for example, by selectively ionizing at-is 5 dimensionless pulse area,
oms in state 1 since the ionizing fields would leave the atoms
in state 3 untouched. Note that the compound beam splitter
discussed in this paper is based on techniques that are similar
in spirit to those proposed by Cohet al. [5] and Rohwed-
der [3] who use multiple-atom optics elements to enhance a
desired output.

From an experimental point of view it may be desirable to
construct a beam splitter in the initially occupied state. In
this Brief Report, we show that, within the context of the ) )
model represented schematically in Fig. 1, it is possible tg. 'C- 1. Atom-field geometry. Standing-wave pul$gsiz. ) and

choose the fields to achieve this goal. Moreover, the samgsZt) drive coupled atomic transitiorj$)-|2) and [2)-|3), respec-
' tively. Relaxation from staté?) is out of theA system.

Cy(z, + ) =[B sirf0 + cog6]Cy(z,— =), (1a)
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FIG. 2. Momentum distribution, generated by an intense off-
resonant standing wave. The chosen value200 is in an interme- 0.003
diate range of experimentally accessible values. [C3,n () |2

1 1 200
6= AT, ==yT 5
> Y=5% (5
are dimensionless detuning and decay parameters,Aand (b)

=wp— w1~ ws— w3y IS an atom-field detuning. A frequency

. . . FIG. 3. (a) Momentum distribution in state 1 at exact resonance
chirp, considered in Refl], has been set equal to zero. @

- o . with decay(B=0,y=0.01), which is a periodic function of pulse
To get the momentum amplitude distribution after the N areaa. The original (a=0) distribution is repeated at valuas

tera_lction, one should expand EQ$a) and(lt_)) into F_ourier =2,4,.. . For valuesa=1,3,.., the scheme acts as a beam splitter
series. The paramet& and the trigonometric functions are (ihe frontal plane represents one of themnhile at intermediate
rather complicated functions of the coordinatend an ana-  yajuesa=1/2,3/2.,.. it acts as a beam reflectab) Momentum

lytical expression relating the final-state Fourier componentgjistribution in state 3 for the same parameters. As we can see from
to the initial ones cannot be obtained, in general. Stated iBoth figures, during the interaction part of population has trans-
another way, the interference between different initial-statgerred to state 2 and than decayed out of sheystem.

Fourier components is rather complicated. To simplify mat-

ters, we choose that satisfied Cj.q(-%)=C; (=) for low- and

0y(2) = Qpsinkz,  Q(2) = Qcoskz, (6)  intermediate-momentum states; these values were then used

asinitial conditions for the pair of standing-wave pulses hav-

ing amplitudes given in Eq(6). As can be deduced from

Egs. (8), such initial conditions would suppress the

sing=sinkz, cosé=coskz (7)  intermediate-momentum states associated with level 3, but

. . . not those with level 1. To suppress the intermediate-

Then, if one expands the amplitudes appearing in EQSyomentum states in level 1, the initial momentum-state

(13 and (1b) in Fourier series as Cy(z,-®)  gmplitudes should satisfy the conditiorC, ni(-=)

R Nk inkz . NE inkz k

_‘En=—oo(?1,_n(_°°)e2 ,C3(z_,oo)—2n:_w(_:3,n(oo)e2 [assum-  —_c, _ (-o) for small and intermediate values mfTo this

ing the initial state amplitude contains only even powers Ofend, one can choose the initial, preparatory field to be an

(k2)], one finds off-resonant field having spatial amplitude

0,=Qs=aT. The pulse area and the parameteB are in-
dependent of and

1+B(a,B,v)
Cl,n(oo) = Cl,n(_ oc) .
2 Qsw(2) = Qgysin(kz+ w/4). 9)
1- B(Q’,B, 7)
" — ) + -
4 [Conna(=)+ Copa(=)l, This field produces an initial-state amplitude for the second
(8a) pair of fields given by
C (m)—MC (_OC)—C (—oc) o * _
3N - 4i [ 1,n+1 1n-1 ], Cl(Z,—OO) — e*_r|U sin Xz — 2 (il)”Jn(U)ez'“kz, (10)
(8b) T
a relatively simple relat.ionship between the initial- and ﬁna"having Fourier coefficients
state momentum amplitudes.
In Ref. [1], an initial, off-resonant standing-wave field
pulse acted on atoms in state 1 to produce state amplitudes Cyn(=) =(x1)"J,(V), (11
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FIG. 4. Momentum distribution in level 1 as a function of re-
laxation ratey. The frontal plane corresponds to that in Fig. 3 with
a=1, when the the suppression of intermediate momentum states
most effective. As is seen the increase)diirst depresses the left- 1 n\2
hand side of distribution, transforming it into a reflector type, and Ci (@) = —(1 + —) Jﬁ(u), (13
then, as can be expected, gradually restores the initial distribution. ’ 4 U

If U>1, the appreciable values df(U) as a function o
whereU is the pulse area of the preparatory field aqJ) are spread betwear=-U andn=U (Fig. 2). Therefore, the
is a Bessel function of order. This initial momentum dis- momentum amplitudes are small for negativand increase
tribution is illustrated in Fig. 2. Fom=U,U>1, the Wwithincreasingn. The probabilitycin(oo) achieves its maxi-
asymptotic formulg6] mum value fom=U.

In general, relaxation decreases the efficiency of the beam
splitter. We consider only integral, but the results are fairly
2 ne general. For oddy, the beam splitter is optimized withy
Jn(U) = 1/ ECOS<U i _> (12 =0 (B=-1). As y increases from 0 td/2, B rises from -1

to 0; B stays approximately equal to zero for K%< a and

then rises to unity fory> «. As such, the beam splitter dis-
guarantees tha; ,.1(-=) =-C; ,_4(-) for small and inter- tribution is first converted into a reflector distribution with

mediate values ofi. As such, the combination of both field increasingy before reverting to the initial distribution for
pulses results in a suppression of low- and intermediate¥> a. For evena, the momentum distribution is unchanged
momentum components in level 1 with a correspondingfom that produced by the preparatory pulsey#0 (B=1).
transfer of these components to level 3. Note that the prepafs y increases from 0 td/2, B falls from 1 to 0;B stays
ratory field (9) is 7/4 shifted relative to the fields) cou-  approximately equal to zero for 1/22y<<a and then rises to
pling the adjacent quantum transitions. unity for y> a. As such, the initial distribution is first con-
As is seen from Eqg(8), in order to maximize the effi- Vverted into a reflector distribution with increasingbefore
ciency of the process—i.e. the transmission of intermediatéeverting to the initial distribution fory> a. These features
momentum states from level 1 into level 3—the paramBter are illustrated in Figs. 4 and 5, respectively.
should be real and close to —1. By choosifig0, one en- As was noted above, the compound beam splitter is a
sures thaB is real. If, simultaneouslyy=0, then totally coherent device. Atoms are prepared in a linear super-
position of low-momentum states for atoms in state 3 and
high-momentum states for atoms in state 1. The atoms in
B=cogma) state 3 can be selectively removed from the beam without
seriously affecting the coherence of the atoms in state 1. As
such the compound beam splitter can serve as the first ele-
, ment of an atom interferometer. To complete the interferom-
For even values O&'.le and the final MOMENtUM SPEC- giar the heams would have to be recombined in a coherent
trum reverts to the initial one. Such behavior is analogous Qanner. It is possible that compound atom deflectors could

;hatt %nct:punt?re? W'“I?r a_}Lnd 2:;7 gulses.fThet_fmal ]rcnom_(lelntum be used to achieve this goal, but we have not yet investigated
istributions for levels 1 an as a function efare illus-  .¢ possibility in detail.

trated in Fig. 3.
Another interesting regularity is seen in FigaB For « This work was funded by the Grant No. 0888 of Arme-
=1/2, 3/2,.., atoms in state 1 are reflected mainly to thenian Research Funds. The work of P.R.B. was supported by
right (n positive). This can be explained as follows: When the U.S. Army Research Office under Grant No. DAAD19-
«=n+1/2,B=0. Using the recursion relation),,;(U)  00-1-0412, the National Science Foundation under Grant No.

+J,-1(U)=(2n/U)J,(U), one finds PHY-0244841, and a FOCUS Center grant.

FIG. 5. A graph, analogous to that in Fig. 4 fa=2, when
fpomentum distribution equals the initial distribution whenO0.

and optimal transfer occurs for odd values of pulse area
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